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ACKGROUND: Age-related muscle loss leads to 
lack of muscle strength, resulting in reduced posture 
and mobility and an increased risk of falls, all of 
which contribute to a decrease in quality of life. Skeletal 
muscle regeneration is a complex process, which is not yet 
completely understood.
CONTENT: Skeletal muscle undergoes a progressive age-
related loss in mass and function. Preservation of muscle 
mass depends in part on satellite cells, the resident stem 
cells of skeletal muscle. Reduced satellite cell function 
may contribute to the age-associated decrease in muscle 
mass. Recent studies have delineated that the aging process 
in organ stem cells is largely caused by age-speciic 
changes in the differentiated niches, and that regenerative 
outcomes often depend on the age of the niche, rather than 
on stem cell age. It is likely that epigenetic states will be 
better deine such key satellite cell features as prolonged 
quiescence and lineage idelity. It is also likely that DNA 
and histone modiications will underlie many of the changes 
in aged satellite cells that account for age-related declines 
in functionality and rejuvenation through exposure to the 
systemic environment.
SUMMARY: Skeletal muscle aging results in a gradual 
loss of skeletal muscle mass, skeletal muscle function and 
regenerative capacity, which can lead to sarcopenia and 
increased mortality. Although the mechanisms underlying 
sarcopenia remain unclear, the skeletal muscle stem cell, or 
satellite cell, is required for muscle regeneration. Decreased 
muscle stem cell function in aging has long been shown 
to depend on altered environmental cues, whereas the 
contribution of intrinsic mechanisms remained less clear. 
Signals in the aged niche were shown to cause permanent 
defects in the ability of satellite cells to return to quiescence, 
ultimately also impairing the maintenance of self-renewing 
satellite cells. Therefore, only anti-aging strategies taking 
both factors, the stem cell niche and the stem cells per se, 
into consideration may ultimately be successful.
KEYWORDS: satellite cell, muscle, aging, niche, 
regenerations
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Skeletal muscle is the dominant organ system in locomotion 
and energy metabolism.(1) Skeletal muscle is the largest 
tissue in human body, composing 40-50% of total human 
body mass.(2) The functions of skeletal muscles include 
movement, breathing, and posture maintenance.(3) Skeletal 
muscles consist of muscle cells, networks of nerves and 
blood vessels, and connective tissues that connect individual 
ibers into bundles, which form the muscle.(4)
 Myoibers are the basic structural elements of skeletal 
muscle and are composed of multiple fused myoblasts.
(4) The skeletal muscle plays important roles in whole 
body energy metabolism, insulin sensitivity, and motility. 
Adult skeletal muscles have a remarkable capacity to 
regenerate after damage due to the contribution of a 
population of muscle resident stem cells called satellite 
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cells.(5-8) Lineage tracing and transplantation studies have 
demonstrated that satellite cells can undergo eficient self-
renewal and myogenic differentiation in vivo, two deining 
features of stem cells.(8-10) In adult resting muscles, 
satellite cells are predominantly quiescent, heterogeneous, 
and reside between the basal lamina and plasma membrane 
of myoibers.(11,12) Upon muscle injury, quiescent satellite 
cells are activated to proliferate, differentiate, and fuse into 
multinuclear myoibers, resulting in repair of the damaged 
muscle.(13,14)
 Skeletal muscles are able to self-regenerate after 
injury. Crucial cells in this process are the satellite cells, 
which are located between the sarcolemma and the basal 
lamina of the myoiber.(15,16) After injury these cells 
are activated, they proliferate and eventually fuse to the 
damaged myoibers or fuse together to form new myoibers.
(17-20) Injury and diseases such as Duchenne muscular 
dystrophy (DMD) lead to impaired muscle function. The 
formation of a dysfunctional scar tissue during regeneration 
may account for this problem.(21)
 It is well established that the human aging process 
is associated with a signiicant decline in neuromuscular 
function and performance.(22-24) Characteristic of this 
decline is the inevitable reduction in skeletal muscle mass 
and associated loss of strength, so-called sarcopenia, that 
occurs even in the absence of disease speciically affecting 
the neuromuscular system. Strength decline in upper and 
lower limb muscles is typically 20-40% by the 7th decade 
and greater in older adults. This is accompanied by similar 
losses of limb muscle cross-sectional area.(25) Molecular 
understanding, combined with data that human satellite cells 
remain intrinsically young, introduced novel therapeutic 
targets.(26)
Movement is a deining feature of all animals, even if it 
is sometimes restricted to speciic developmental stages.
(1) In all muscle cells, myosin II motor proteins and 
actin ilaments generate force and movement. In the 
striated muscles that are used for locomotion, actomyosin 
contraction is ampliied in serial and parallel arrangements 
of numerous contractile units, called sarcomeres. These 
are made up of actin and myosin ilaments arranged in 
highly ordered, almost crystalline arrangements, as well 
as hundreds of regulatory proteins such as the troponin–
tropomyosin complex, and scaffolding and cytoskeletal 
crosslinking proteins such as α-actinin, myomesin and the 
kinase titin.(27,28) In vertebrates, striated muscle cells are 
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found in two tissues, skeletal and heart muscle. Although 
both have highly ordered myoibril structures, they have 
distinct embryonic origins and are tailored for particular 
purposes by different genetic programmes. Furthermore, 
in vertebrates specialized skeletal muscles with different 
contractile (slow-twitch or fast-twitch) and metabolic 
properties coexist.(29,30)
 Skeletal muscle has evolved to allow precise 
movement in animals. By some estimates, there are around 
640 skeletal muscles in human body, which together account 
for ~38% of total body mass for men and 30% for women.
(32) The functional units responsible for skeletal muscle 
contraction are cylindrical, multinucleated muscle ibers 
(myoibers). These contractile structures are established 
during embryogenesis, when mononuclear cells known 
as myoblasts fuse into immature myoibers (myotubes). 
The myoiber nuclei (myonuclei) are postmitotic and 
under normal conditions can not reenter a proliferative 
state to contribute additional nuclei. During postnatal life, 
myoiber growth, homeostasis, and repair rely on satellite 
cells, myogenic stem cells residing between the myoiber 
plasmalemma and basal lamina.(15,33-35)
 A skeletal muscle is composed of many bundles of 
myoibers. A single myoiber is derived from the fusion 
of numerous myoblasts and therefore contains many 
nuclei. Each myoiber contains many myoibrils, which 
are composed of repeating sarcomeres. A sarcomere is an 
arrangement of the contractile proteins myosin and actin, 
which form the thick and thin ilaments, respectively. These 
proteins are key elements for the contractile properties 
of skeletal muscle. For skeletal muscle to contract, the 
myoibers depolarize as a consequence of nerve activation. 
This results in the release of intracellular calcium from the 
sarcoplasmatic reticulum. Calcium causes binding of myosin 
to actin, and subsequently contraction of the myoibers and 
the entire skeletal muscle. Most human skeletal muscles 
contain a mixture of three different types of myoibers. 
Type 1 myoibers are slow twitch and fatigue resistant, 
type 2A myoibers are fast twitch and moderately fatigue 
resistant, and type 2B myoibers are fast twitch and not 
fatigue resistant. The proportions of these myoibers within 
skeletal muscles is dynamic and can change throughout life.
(2,17,36,37)
 Skeletal muscle is a highly complex and heterogeneous 
tissue serving a multitude of functions in the organism. 
Myogenesis or the process of generating muscle can be 
divided into several distinct phases.(38) During embryonic 
myogenesis, mesoderm-derived structures generate the 
irst muscle ibers of the body proper, and in subsequent 
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waves additional ibers are generated along these template 
ibers.(39,40) In the poorly understood perinatal phase, 
muscle resident myogenic progenitors initially proliferate 
extensively but later on decrease as the number of 
myonucle reaches a steady state and myoibrillar protein 
synthesis peaks.(41,42) Once the muscle has matured, these 
progenitors will enter quiescence and henceforth reside 
within in it as satellite cells. Adult skeletal muscle, like all 
renewing organs, relies on a mechanism that compensates 
for the turnover of terminally differentiated cells to maintain 
tissue homeostasis.(43,44) This type of myogenesis depends 
on the activation of satellite cells that have the potential to 
differentiate into new ibers.(17)
 A broad spectrum of signaling molecules instructs 
myogenesis during embryonic development and in postnatal 
life.(45,46) The activation of cell surface receptors by 
these signals induces intracellular pathways that ultimately 
converge on a battery of speciic transcription and chromatin-
remodeling factors. These factors translate the extracellular 
signals into the gene and microRNA expression program, 
which assigns myogenic identity to the muscle progenitors.
(47)
 The healing of skeletal muscle in response to 
trauma depends on the type of injury such as contusion, 
strain, and laceration, and on the severity. However, in 
general, the healing process consists of three phases: the 
destruction phase, the repair phase, and the remodeling 
phase.(2,17,21,36) The destruction phase is characterized 
Figure 1. Muscle structure and the 
satellite cell niche. The structure and 
ultra-structure of skeletal muscle.
(32) (Adapted with permission from 
The Company of Biologist, Ltd).
by necrosis, hematoma formation, and the inlux of 
inlammatory cells. During the repair phase, the necrotic 
debris is phagocytosed, and regeneration of myoibers 
occur through the action of satellite cells.(48,49) Firstly, 
quiescent satellite cells expressing paired box factors (Pax)7 
migrate to the site of injury, up-regulate the myogenic 
regulatory factors (MRF) MyoD and Myf5, and become 
proliferative.(50-54) From now on, the satellite cells are 
also known as myoblasts. Subsequent differentiation of 
the myoblasts is marked by the down-regulation of Pax7 
(55,56) and up-regulation of the MRFs Mrf4 and Myogenin 
(50-52). Ultimately, these differentiated myoblasts form 
multinucleated myoibers (hyperplasia) or fuse to damaged 
myoibers (hypertrophy) for muscle regeneration.(17,34) 
During the last phase, the remodeling phase, the regenerated 
myoibers mature and contract. However, in some cases, 
reorganization and contraction of unstructured connective 
tissue occur, resulting in scar tissue and subsequent 
incomplete skeletal muscle regeneration.(36,57,58)
 Next to skeletal muscle injury, diseases such as 
muscular dystrophy also lead to impaired muscle function.
(59) Muscular dystrophy is characterized by muscle 
weakness and wasting. Many different forms of this disease 
have been identiied.(59,60) The most severe form is DMD, 
which is characterized by the absence of dystrophin.(61) 
Dystrophin is, together with other membrane-associated 
proteins, required for the structural integrity of the muscle 
ibers. The lack of dystrophin leads to membrane instability 
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and tears in the sarcolemma of the muscle ibers.(62-64) 
This results in repeated cycles of muscle iber necrosis and 
regeneration until the regenerative capacity is exhausted. 
Eventually the muscle ibers are mostly replaced by adipose 
and ibrous tissue.(65-67)
 Macrophages exert either beneicial or deleterious 
effects on tissue repair, depending on their activation/
polarization state. They are crucial for adult skeletal muscle 
repair, notably by acting on myogenic precursor cells. 
Macrophages sequentially orchestrate adult myogenesis 
during regeneration of damaged skeletal muscle. These 
results support the emerging concept that inlammation, 
through macrophage activation, controls stem cell fate and 
coordinates tissue repair.(67)
 A phenotypically and functionally distinct population 
of Treg cells that rapidly accumulated in the acutely injured 
skeletal muscle of mice, just as invading myeloidlineage 
cells switched from a proinlammatory to a proregenerative 
state. Muscle Treg cells expressed the growth factor 
Amphiregulin, which acted directly on muscle satellite 
cells in vitro and improved muscle repair in vivo. Thus, 
Treg cells and their products may provide new therapeutic 
opportunities for wound repair and muscular dystrophies.
(68)
The skeletal muscle satellite cell was irst described and 
named based on its anatomic location between the myoiber 
plasma and basement membranes. In 1961, two independent 
studies by Alexander Mauro and Bernard Katz provided 
the irst electron microscopic descriptions of satellite cells 
in frog and rat muscles. These cells were soon detected 
in other vertebrates and acquired candidacy as the source 
of myogenic cells needed for myoiber growth and repair 
throughout life.(69)
 Since the discovery of satellite cells, evidence has 
accumulated showing that they are the primary contributors 
to the postnatal growth, maintenance and repair of 
skeletal muscle. In adult muscle, satellite cells express 
the transcription factor Pax7 and remain quiescent under 
normal physiological conditions.(70,71) Readily responsive 
to molecular triggers from exercise, injuries or disease, 
satellite cells have a remarkable ability to self-renew, expand, 
proliferate as myoblasts or undergo myogenic differentiation 
to fuse and restore damaged muscle.(46) Most importantly, 
satellite cells are maintained through repeated cycles of 
growth and regeneration, which supports the notion that 
they are a heterogeneous population containing stem cells 
that sustain their self-renewal.(11) Thus with the evidence 
that satellite cells were capable of asymmetric divisions and 
endowed with self-renewal properties, a new era was born, 
in which satellite cells were considered bonaide muscle 
stem cells.(12)
 It has long been postulated that satellite cells are 
the remnants of embryonic muscle development. Somitic 
progenitors that eventually give rise to satellite cells 
express Pax3 and/or Pax7 and do not express MRF. These 
progenitor Pax3+Pax7+ cells upregulate Myf5 and MyoD 
when they enter the myogenic differentiation programme, 
or remain as satellite cells during late fetal myogenesis 
without upregulating MRFs. Pax3+ Pax7+ cells that do not 
express MRFs are irst found to align with nascent myotubes 
at embryonic day 15.5 and then become satellite cells 
by taking a sublaminar position.(72) Notably, once they 
arrive at the nascent myotubes, most satellite cells rapidly 
upregulate Myf5 and downregulate Pax3.(73) Lineage-
tracing studies suggest that Pax3+ cells contribute to 
embryonic myoblasts and the endothelial lineage, whereas 
Pax7+ cells contribute to fetal myoblasts, supporting the 
notion that these cells represent distinct myogenic lineages.
(74) Therefore, satellite stem cells (Pax7+Myf5–) in adult 
muscle may represent a lineage continuum of the embryonic 
Pax3+Pax7+MRF– progenitors.(10) However, these studies 
have not conclusively ruled out the possibility that satellite 
cells are a distinct myogenic lineage, independent from 
those that give rise to fetal myoblasts, or that they arise from 
atypical myogenic stem cells in postnatal muscle.(11)
 The identiication of satellite cells by luorescence 
microscopy relies on speciic biomarkers. In adult skeletal 
muscle, all or most of satellite cells express the paired domain 
transcription factors Pax7 (70) and Pax3 (75), myogenic 
regulatory factor Myf5 (76), homeobox transcription factor 
Barx2 (77), cell adhesion protein M-cadherin (78), tyrosine 
receptor kinase c-Met (79), cell surface attachment receptor 
a7-intergin (80,81), cluster of differentiation protein 
CD34 (53), transmembrane heparan sulfate proteoglycans 
syndecan-3 and syndecan-4 (82), chemokine receptor type 
4 (CXCR4) (83), caveolae-forming protein caveolin-1 
(81,84), calcitonin receptor (85), and nuclear envelope 
proteins lamin A/C and emerin (81). Of these, Pax7 is the 
canonical biomarker for satellite cells as it is speciically 
expressed in all quiescent and proliferating satellite cells 
(70) across multiple species, including human (86), monkey 
(86), mouse (70), pig (87), chick (88), salamander (89), frog 
(90), and zebraish (91).
 Skeletal muscle regeneration is a highly orchestrated 
process involving the activation of various cellular and 
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molecular responses. As skeletal muscle stem cells, satellite 
cells play an indispensible role in this process. The self-
renewing proliferation of satellite cells not only maintains 
the stem cell population but also provides numerous 
myogenic cells, which proliferate, differentiate, fuse, and 
lead to new myoiber formation and reconstitution of a 
functional contractile apparatus. The complex behavior of 
satellite cells during skeletal muscle regeneration is tightly 
regulated through the dynamic interplay between intrinsic 
factors within satellite cells and extrinsic factors constituting 
the muscle stem cell niche/microenvironment.(92)
 Muscular dystrophies are a heterogeneous group 
of devastating diseases characterized by progressive 
muscle weakness and degeneration (94), and currently 
there are no effective treatments. Currently, stem cell-
mediated therapeutic strategies such as muscle stem cell 
transplantation or functional enhancement of endogenous 
muscle stem cells are being pursued to improve muscle 
functions and pathology in muscular dystrophy patients.
(20,46,93,94) However, the development of effective 
therapies requires a better understanding of molecular and 
cellular mechanisms regulating muscle stem cell behaviors.
(95)
 The progressive loss of muscle regenerative capacity 
with age or disease results in part from a decline in the 
number and function of satellite cells, the direct cellular 
contributors to muscle repair.(5-9,70,96-100) However, 
little is known about the molecular effectors underlying 
satellite cell impairment and depletion. Elevated levels of 
inlammatory cytokines, including interleukin-6 (IL-6), 
are associated with both age-related and muscle-wasting 
conditions.(101-104) The levels of signal transducer and 
activator of transcription 3 (STAT3), a downstream effector 
of IL-6, are also elevated with muscle wasting (105,106), 
and STAT3 has been implicated in the regulation of self-
renewal and stem cell fate in several tissues (107-110). The 
effects of STAT3 inhibition on cell fate and proliferation 
were conserved in human myoblasts. The results of this 
study indicate that pharmacological manipulation of STAT3 
activity can be used to counteract the functional exhaustion 
of satellite cells in pathological conditions, thereby 
maintaining the endogenous regenerative response and 
ameliorating muscle-wasting diseases.(111)
 Skeletal muscle repair can be understood as a balance 
between ibrosis and regeneration, the result of which 
may lead to complete recovery or loss of muscle function. 
Activation of nitric oxide during muscle crush is critical 
in the early phases of the skeletal muscle repair process 
and indicates its possible role as a regulator of the balance 
between ibrosis and muscle regeneration.(112)
Figure 2. Asymmetric cell division during activation of satellite cells. This is a drawing representing the anatomy of a muscle iber with 
adjacent small vessels. Satellite cells and other myogenic cells (pericytes and hematopoietic, endothelial, and interstitial cells) are depicted. 
Satellite cell activation in vivo is followed by an asymmetric division, with Pax7, MyoD, and Myf5 being expressed in differentiating cells 
and Pax7 in cells returning to quiescence in order to maintain a pool of progenitors.(114) (Adapted with permission from American Society 
for Clinical Investigation).
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 The CXCR4/stromal cell-derived factor 1 (SDF1) axis 
is pivotal for eficient muscle regeneration after an episode 
of injury. In addition, it is possible that this system functions 
through matrix metalloproteinase (MMP)-10 activity where 
MMP-10 might regulate CXCR4/SDF1-mediated muscle 
repair via chemokine modulation. These indings suggest an 
important molecular mechanism that could be exploited to 
develop novel therapies for dystrophic diseases.(113)
 Skeletal muscle damaged by injury or by degenerative 
diseases such as muscular dystrophy is able to regenerate 
new muscle ibers. Regeneration mainly depends upon 
satellite cells, myogenic progenitors localized between the 
basal lamina and the muscle iber membrane. However, 
other cell types outside the basal lamina, such as pericytes, 
also have myogenic potency.
 By learning more about satellite cells and other 
mesodermal skeletal muscle progenitors, we can learn how 
to better use them to repair muscle. The main limitations 
of satellite cells are loss of  “stemness” upon culture 
and an inability to cross the vessel wall  for systemic 
delivery. Limitations for other cell types are incomplete 
characterization and their overall minor myogenic potency.
(114) 
During the last half century, advances in molecular biology, 
cell biology, and genetics has greatly improved our 
understanding of skeletal muscle regeneration. In particular, 
extensive research on satellite cells and their niche has 
elucidated many cellular and molecular mechanisms that 
underlie skeletal muscle regeneration.(92) Based on the 
stem cell niche concept, behaviors of tissue-speciic stem 
cells are determined by structural and biochemical cues 
emanating from the surrounding microenvironment.(115)
 Similar to these adult stem cells, satellite cells are also 
present in a highly speciied niche, which consists of the 
extracellular matrix (ECM), vascular and neural networks, 
different types of surrounding cells, and various diffusible 
molecules (Figure 3). Furthermore, satellite cells, as one of 
the niche components, also inluence each other by means of 
cell-cell interaction and autocrine or paracrine signals. The 
dynamic interactions between satellite cells and their niche 
speciically regulate satellite cell quiescence, self-renewal, 
proliferation, and differentiation. In this fashion, muscle 
atrophy or excessive growth is prevented, and the satellite 
cell pool is maintained during regeneration. Understanding 
the interactions between satellite cells and their niche is of 
paramount importance for the development of therapies to 
treat both age-related skeletal muscle atrophy (sarcopenia) 
and skeletal muscle diseases.(92)
Satellite cell: regulatory signaling pathways
a. Wnt signaling. 
 Wnt signaling controls diverse biological processes, 
such as cell proliferation, cell fate determination, cell 
adhesion, cell polarity, and morphology. Wnt signaling 
is activated by binding of extracellular Wnt family 
glycoproteins with Frizzled receptors and low-density 
lipoprotein receptor-related protein (LRP5, LRP6) pairs. 
The Frizzled receptor can initiate two distinct signaling 
pathways: the Wnt/b-catenin and Wnt/planar cell polarity 
(PCP) pathways. Wnt/b-catenin pathway is characterized by 
the regulation of b-catenin stabilization and its entry into 
the nucleus. The Wnt/PCP pathway is involved in PCP  and 
establishment of polarized cellular structures.(116)
b. Notch signaling.
 Notch signaling regulates cell proliferation, 
differentiation, and cell fate determination.(117) Notch 
signaling plays key roles in skeletal muscle regeneration.
(118) Upon muscle injury, the Notch ligand Delta is 
quickly upregulated in both activated satellite cells and in 
myoibers.(119) The upregulation of Delta in satellite cells 
is accompanied by the appearance of the Notch intracellular 
domain (NICD), indicative of activated Notch signaling. 
Activation of Notch signaling stimulates the proliferation 
of satellite cells and their progeny and thus leads to the 
expansion of proliferating myoblasts. Indeed, inhibition 
of Notch signaling abolishes satellite cell activation and 
impairs muscle regeneration.(119) In aged muscles, the 
expression of Notch in satellite cells remains unchanged.
(120) However, the induction of Delta in myoibers is no 
longer responsive to muscle injury, which results in reduced 
satellite cell proliferation and impaired muscle regeneration.
(120) In addition to its functions during muscle regeneration, 
Notch signaling is also involved in the maintenance of cell 
quiescence in resting health muscle.
 The myoibers are the primary component of the satellite 
cell niche due to their direct contact with satellite cells.  This 
suggested that the myoiber emanates a “quiescent” signal 
either by its physical association or by releasing chemical 
compounds.(121,122) The basal lamina of the myoiber is 
composed of a network of ECM that directly contacts the 
satellite cell and separates it from the muscle interstitium. 
The basal lamina of skeletal muscle is composed of type 
IV collagen, laminin, entactin, ibronectin, perlecan, and 
decorin glycoproteins along with other proteoglycans.(123) 
These ECM molecules are mainly synthesized and excreted 
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Figure 3.The satellite cell niche.(92) (Adapted with permission from the American physiological society).
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by interstitial ibroblasts but can also be produced and 
remodeled by myoblasts during muscle development and 
regeneration.(124) Satellite cells reside between the basal 
lamina, composed primarily of a type IV collagen network, 
and the apical sarcolemma covered in laminin.(125)
 Proteoglycans reside on the surface of satellite 
cells and function as receptors to bind a suite of secreted, 
yet inactive growth factor precursors. These precursors, 
including hepatocyte growth factor (HGF) (126), basic 
ibroblast growth factor (bFGF) (127), epidermal growth 
factor (EGF) (128), insulin-like growth factor isoforms 
(IGF-I, IGF-II) (129) and various Wnt glycoproteins 
(130,131), originated from either satellite cells, myoibers, 
interstitial cells, or serum. These growth factors can be 
swiftly rendered active by proteolytic enzymes present in 
serum or interstitium, such as thrombin, serine proteases, 
and MMPs. This highly coordinated process serves to 
stimulate satellite cell survival, activation, and proliferation 
upon muscle injury.(126,132-135)
 Throughout regeneration, the hierarchical and 
collaborative behaviors of satellite cells are inluenced 
by changes in their niche. These changes include diverse 
molecules, cells, and structures that constitute a dynamic 
niche continually inluencing the multiple tasks set forth for 
satellite cells.(92)
Satellite cells can self-renew, and it is this characteristic 
that allows adult skeletal muscle to undergo multiple rounds 
of regeneration without depleting their stem cell pool.
(8,10,56) However, the functional and structural decline of 
skeletal muscle in late adulthood is one of the irst hallmarks 
of aging in many organisms. (126,137,138) Notably, as 
an organism ages, a decrease in regenerative capacity is 
concomitant with a decrease in satellite cell numbers.
(139,140) The reduced regenerative potential observed in 
aging skeletal muscle is attributed primarily to changes 
in the muscle niche. Soluble ligands from the Notch, 
Wnt and transforming growth factor (TGF)-β signaling 
pathways are deregulated both systemically and within 
the satellite cell niche.(119,120,141,142) Alterations in 
the activity of these pathways in combination with ibrosis 
and an increased immune response result in age-related 
deiciencies in satellite cell self-renewal and regenerative 
eficacy.(143) Moreover, differences in satellite cell number 
and proliferative capacity have been noted in mouse and rat 
satellite cells isolated from the skeletal muscle of 3-month-
old compared to 7-month-old rodents.(140,144,145) Taken 
together, these indings indicate that age-related changes in 
satellite cell self-renewal, proliferative and differentiation 
capacity are likely due to both extrinsic alterations in 
the microenvironment and intrinsic alterations in cell-
autonomous regulatory mechanisms.(146)
 Aged skeletal muscle undergoes a progressive 
reduction in the cross-sectional area of muscle ibers (147), 
selective loss of fast glycolytic ibers (148), and increase in 
muscle connective tissue (149). At the subcellular level, aged 
muscle ibers display an increased level of mitochondrial 
abnormalities and susceptibility to apoptosis.(150,151) 
Myoibers from aged muscle show a reduction in force 
generation and are more susceptible to contraction-induced 
injury.(152) In addition to the immediate niche surrounding 
satellite cells, local interstitial cells, motor neurons, blood 
vessels, and their associated secretable factors reside within 
skeletal muscle and have the potential to regulate satellite 
cell function and affect muscle regeneration.
 It is well known that denervation results in progressive 
skeletal muscle atrophy. During acute denervation of 
muscle, the percentage of satellite cells increases during the 
irst week, indicating a proliferation phase similar to muscle 
injury.(153) However, long-term denervation results in a 
drastic decline in satellite cell numbers (154,155), which 
is at least partially due to decreased mitotic capability 
and increased apoptosis of satellite cells. Taken together, 
these data indicate that neurotrophic factors function in 
an autocrine fashion to regulate satellite cell behavior and 
muscle regeneration. Thus it is conceivable that systematic 
release of neurotrophic factors after denervation may also 
exert similar regulatory roles on satellite cell activation and 
differentiation.
 In aged muscle, examination of neuromuscular 
junctions by electron microscopy revealed decreases in 
nerve terminal area, mitochondria and synaptic vesicles, 
along with occasional denervated postsynaptic regions.
(156) These changes, in addition to progressive myoiber 
atrophy, may potentially disturb signals between myoibers 
and satellite cells.
 Skeletal muscle is nourished by the microvascular 
network. The importance of this niche component is relected 
by the fact that most satellite cells are closely associated 
with capillaries in intact adult muscle.(157,158) It is also 
well known that angiogenesis and myogenesis proceed at the 
same time during muscle regeneration. Vascular endothelial 
growth factor (VEGF) plays an important role in satellite 
cell function and muscle regeneration.(159) In aged muscle, 
it was observed that while myoibers lose their close contact 
with the microvascular network, there is a corresponding 
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VEGF level decrease.(160) In addition, endothelial nitric 
oxide synthase (eNOS) secreted by endothelial cells is 
also decreased in aged muscle.(161) Aged muscle displays 
a functional deicit in the immune cells surrounding 
the satellite cell niche. In vitro studies indicate that the 
capabilities of free radical generation, phagocytosis, and 
chemotaxis are decreased in aged immune cells.(162) 
The perturbation between satellite cells and immune cells 
impedes satellite cell activation and migration.
 Satellite cells express androgen receptors and are 
receptive to androgen signaling (163), however, the 
endogenous androgens acting on satellite cells have yet to 
be determined. Exogenous testosterone increases satellite 
cell numbers by promoting satellite cell activation and 
proliferation.(164,165) This function is predicted to involve 
the induction of Notch signaling in satellite cells.(165) 
During aging, systemic levels of androgens decline, which 
is concomitant with a loss in muscle mass and a gain in fat 
mass.(166,167)
 Ectopic adipocyte deposition in the skeletal muscle 
characterizes various disorders, including obesity/type-2 
diabetes, sarcopenia, and muscular dystrophies.(168-171) 
Progressive fat accumulation resulting in muscle weakness 
and atrophy (172,173) is a measure of the severity of 
DMD (174). Stem cells ensure tissue regeneration, while 
overgrowth of adipogenic cells may compromise organ 
recovery and impair function. In myopathies and muscle 
atrophy associated with aging, fat accumulation increases 
dysfunction, and after chronic injury, the process of fatty 
degeneration, in which muscle is replaced by white 
adipocytes, further compromises tissue function and 
environment. Some studies suggest that pericytes may 
contribute to muscle regeneration as well as fat formation.
(175)
 Satellite cells are currently not applicable to 
regenerative medicine due to dificulties in their isolation and 
loss of stemness ex vivo. However, satellite cell-based cell 
therapy would greatly beneit from future studies in lineage 
progression to better delineate satellite cell hierarchy along 
with physiologically relevant interactions between satellite 
cells and other myogenic cells. Moreover, such issues may 
be resolved following the maturation of techniques involving 
the generation of induced pluripotent stem- or other types 
of embryonic stem-like multipotent cells. If so, the broad 
interest of future studies should focus on identiication of the 
intrinsic and extrinsic regulatory mechanisms that govern 
satellite cell commitment and differentiation throughout the 
muscle regeneration. Future advances in system biology 
and bioengineering may hopefully harness these previous 
achievements towards developing therapeutic approaches 
for sarcopenia and muscle dystrophic diseases.(92)
Aging is accompanied by a decline in neuromuscular 
performance, skeletal muscle mass and stem cell function.
(176,177) Weakened muscles substantially increase the 
chance of injury, such as by falling. Because of the reduced 
regenerative capacity of aged tissues, recovery from such 
incidents and from subsequent surgical procedures is slow and 
Rejuvenating Aged Muscle Stem Cells
Figure 4. A Model on How Metabolic Reprogramming Promotes Satellite Cell Activation in 
Adult Skeletal Muscle.(180) (Adapted with permission from Cell Press).
possibly incomplete. Moreover, 
the inactivity associated with bed 
rest further accelerates muscle 
catabolism. These problems 
can lead to a vicious cycle of 
muscle loss, injury and ineficient 
repair, causing elderly patients to 
become increasingly sedentary 
over time. Thus, therapeutic 
strategies boosting muscle mass 
and regeneration in the aged are 
currently sought after.(178)
 Skeletal muscle is a highly 
dynamic and metabolically 
active tissue that can self-repair 
in response to injury via the 
recruitment of muscle stem 
cells called satellite cells. Under 
normal conditions satellite cells, 
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identiied by the expression of the signature satellite cell 
marker Pax7 reside in a quiescent state between the basal 
lamina and the sarcolemma of the muscle ibers. Quiescent 
satellite cells have a low metabolic rate and display few 
active mitochondria and therefore are exposed to low 
levels of oxidative stress.(179) In response to muscle 
damage or injury (hypoxia, oxidative stress, inlammation, 
exercise, and aging), satellite cells become activated and 
trigger cellular reprogramming that results in enhanced 
proliferation, differentiation, and/or self-renewal (Figure 4).
 Satellite cell activation requires a shift in the 
cellular metabolic state to better match their functional 
needs, a process referred as ‘‘metabolic reprogramming.’’ 
Understanding the basic molecular mechanisms that govern 
myogenic stem cell fate constitutes an active research area 
with the aim of developing muscle stem cell therapies 
to improve muscle regeneration in a wide variety of 
neuromuscular disorders and age-related sarcopenia.(180)
 Ryall and colleagues compare the transcriptome of 
quiescent and proliferating satellite cells and report that 
satellite cell activation is driven by a metabolic switch 
from fatty acid oxidation to glycolysis. This metabolic shift 
generates ATP while concomitantly lowering the cellular 
level of NAD+. In turn, reduced NAD+ levels contribute 
to decreased nuclear Sirtuin (SIRT)1 deacetylase activity 
toward histone H4 acetylation at lysine 16 (H4K16). In 
a series of comprehensive and elegant experiments, the 
authors assess the role of SIRT1 in epigenetic regulation 
of satellite cell fate.(181) Overall, this study highlights 
the role of SIRT1 as a inely tuned biochemical sensor of 
the satellite cell metabolic state, supporting earlier reports 
that place SIRT1 at the crossroad between nutrient/energy 
homeostasis and cell fate signaling in skeletal muscle.(182)
 Altogether, these indings provide evidence for the 
feasibility of targeting SIRT1 as an effective therapeutic 
intervention for the prevention or reversal of age-related 
sarcopenia and other degenerative muscle disorders. 
Encouraging results regarding the use of short-term calorie 
restriction, a dietary manipulation that increases SIRT1 
activity (183), and synthetic small-molecule activators of 
SIRT1 (184) show muscle stem cell differentiation and 
improved muscle quality in laboratory animals.
During aging, skeletal muscle strength progressively declines 
(sarcopenia), leading to reduced mobility, muscle function 
and quality of life. Regenerative capacities of muscle 
stem cells, or satellite cells, decline with age. Extrinsic/
environmental cues have been implicated in this process, 
which is not surprising given the tight interactions muscle 
stem cells develop with the microenvironment, including 
immune cells. However, recent studies have shown that 
alterations in intrinsic cell signaling also contribute to the 
declined functionality of aged satellite cells.
 With human longevity steadily increasing, strategies 
for the maintenance of muscle mass and its regenerative 
potential have great relevance for society and economy. 
The targeting of SIRT1-mediated epigenetic actions may 
prevent satellite cells dysfunction and would be an important 
strategy to achieve successful treatments for degenerative 
muscle diseases and sarcopenia. 
Conclusion
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